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A method is described for identifying intact proteins from genomic databases using a
combination of accurate molecular mass measurements and partial amino acid content. An
initial demonstration was conducted for proteins isolated from Escherichia coli (E. coli) using a
multiple auxotrophic strain of K12. Proteins extracted from the organism grown in natural
isotopic abundance minimal medium and also minimal medium containing isotopically
labeled leucine (Leu-D10), were mixed and analyzed by capillary isoelectric focusing (CIEF)
coupled with Fourier transform ion cyclotron resonance mass spectrometry (FTICR). The
incorporation of the isotopically labeled Leu residue has no effect on the CIEF separation of the
protein, therefore both versions of the protein are observed within the same FTICR spectrum.
The difference in the molecular mass of the natural isotopic abundance and Leu-D10
isotopically labeled proteins is used to determine the number of Leu residues present in that
particular protein. Knowledge of the molecular mass and number of Leu residues present can
be used to unambiguously identify the intact protein. Preliminary results show the efficacy of
this method for unambiguously identifying proteins isolated from E. coli. (J Am Soc Mass
Spectrom 2000, 11, 78–82) © 2000 American Society for Mass Spectrometry
Proteomics is rapidly becoming an important toolto study the global events that occur within a cellunder a specific set of conditions. There is a need
to develop methods that allow proteomic studies to be
performed quickly and with high sensitivity. The pres-
ently predominant strategy of 2-D PAGE separation
followed by in-gel tryptic digestion and tandem mass
spectrometry (MS) identification of the resultant pep-
tides is too slow and insensitive to meet future demands
for high throughput proteomics of complex organisms.
A strategy based on one-dimensional isoelectric sepa-
ration followed by matrix-assisted laser desorption/
ionization coupled with time-of-flight (MALDI-TOF)
mass spectrometry, has shown the ability to measure
the molecular masses of hundreds of proteins within a
single experiment [1,2]. A two-dimensional liquid chro-
matographic system has been developed which uses
size-exclusion liquid chromatography followed by re-
versed-phase liquid chromatography to fractionate pro-
teins extracted from E. coli cells and analyze the intact
proteins using MALDI-TOF or electrospray ionization
(ESI)/MS [3]. Efforts in our laboratory have included
the separation of cell lysate proteins via CIEF coupled
with analysis of the intact proteins by Fourier transform
ion cyclotron resonance mass spectrometry (FTICR)
[4–6]. Although these approaches have the potential for
rapid and sensitive proteome analysis, they are gener-
ally incapable of proteome-wide unambiguous protein
identification based on molecular mass alone, even with
the mass measurement accuracy afforded using FTICR
(due to issues such as unexpected modifications). It is
obvious that more information besides the molecular
mass of the intact protein is generally required for
unambiguous protein identification.
We describe here a strategy combining molecular
mass measurement and partial amino acid content to
unambiguously identify intact proteins isolated from E.
coli K12 strain CP78 [7]. The organism is grown in
minimal medium and minimal medium supplemented
with isotopically labeled leucine containing 10 deute-
rium atoms (Leu-D10). The presence of the isotopically
labeled Leu in the medium causes the cell to transcribe
proteins with Leu-D10 in place of natural isotopic abun-
dance Leu. The mass difference between the proteins
produced in cells grown in the different types of media
is used to determine the number of Leu residues
present for detected proteins. Knowledge of the mea-
sured molecular mass and the number of Leu greatly
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constrains possible protein assignments and generally
allows the unambiguous identification of the proteins
being observed, and extensions of this approach should
be broadly applicable for high-throughput protein iden-
tification. Additionally, the mass difference between the
predicted and the experimental accurate mass measure-
ment provides insights into the nature of the differ-
ences, which can generally be attributed to specific
types of post-translational modifications. Although se-
lective labeling of specific amino acid residues has been
used in nuclear magnetic resonance spectroscopy to
study purified proteins [8–10], this represents, to the
best of our knowledge, the first report of its application
in the field of proteomics for the identification of intact
proteins isolated from E. coli.
Experimental
Materials
Deuterated leucine (Leu-D10, 97.9%) was purchased
from Cambridge Isotopes Laboratories (Andover, MA).
Sample Preparation
The E. coli K12 strain CP78 (lueB2, argH2, thr2, his2) [7]
was used in this study. The cells were grown in natural
isotopic abundance M9 minimal medium [11] contain-
ing Leu and M9 medium containing Leu-D10. The cells
were grown at 37 °C with shaking (225 rpm), and
harvested by centrifugation at 10,000 3 g for 30 s. After
resuspending the cells in 200 mL of PBS buffer, they
were lysed by mechanical agitation at 4600 rpm for 60 s
in the presence of 0.1 mm diameter zirconium/silica
beads (Biospec Products, Bartlesville, OK) using a Mini-
Beadbeater (Biospec Products). The cell lysate was
recovered and centrifuged at 10,000 3 g for 5 min to
remove any cell debris. The protein extract was pro-
cessed using a dual microdialysis system [12] and final
protein concentration was determined using the Brad-
ford assay [13].
Capillary Isoelectric Focusing Separation
The protein extract was separated by CIEF using 50 cm
(50 mm i.d. and 192 mm o.d.) fused silica capillary
coated internally with linear polyacrylamide [14]. The
capillary was filled with a sample solution containing
;0.25 mg/mL of protein isolated from E. coli and 0.5%
Pharmalyte 3-10 (Amersham Pharmacia Biotech, Pisca-
taway, NJ). CIEF focusing was done at a constant
voltage (;13 kV) for 15 min using a high-voltage power
supply (Glassman High-Voltage, Whitehouse Station,
NJ). Phosphoric acid (20 mM) and sodium hydroxide
(20 mM) were used as the anolyte and catholyte,
respectively. The CIEF separation was coupled to a 7
tesla Fourier transform ion cyclotron resonance mass
spectrometer (FTICR). The IEF capillary was interfaced
utilizing a coaxial liquid sheath flow configuration [5,
15]. A sheath liquid (50% CH3OH/49% H2O/1%
CH3COOH, pH 2.6) was delivered at a flow rate of 2
mL/min using a Harvard Apparatus 22 syringe pump
(South Natick, MA). Gravity mobilization was applied
concurrently with cathodic mobilization by raising the
inlet reservoir 5 cm above the level of the electrospray
needle.
Mass Spectrometry and Data Analysis
ESI-FTICR mass spectra were acquired using 7 tesla
FTICR mass spectrometer [16] equipped with an Odys-
sey data system (Finnigan FTMS, Madison, WI). Ions
were transferred from the ESI interface to the trap using
an rf quadrupole for collisional focusing at 200 mtorr,
followed by two sets of rf-only quadrupoles in the
higher vacuum region of the mass spectrometer. Posi-
tive ion mass spectra were acquired using a standard
experimental sequence for ion injection and accumula-
tion, pump down, excitation, and detection. The total
spectrum acquisition time was about 4 s. Ion accumu-
lation was accomplished by injecting 1025 torr of N2
into the trap via a piezoelectric pulse valve (Lasertech-
niques, Albuquerque, NM). Background pressure in the
ICR trap was maintained at 1029 torr using a custom
cryopumping assembly [16]. The analysis of the CIEF-
FTICR data and the interpretation of the results were
accomplished using ICR-2LS software developed at our
laboratory to assist protein identification and database
searching [5, 6].
Results and Discussion
The present work provides an approach that augments
accurate molecular mass information with additional
information on the number of one or more specific
amino acid residues to assist protein identification. To
obtain this additional information, a multiple auxotro-
phic E. coli K12 strain, CP78, was grown in natural
isotope abundance minimal medium and also in mini-
mal medium to which Leu-D10 had been added. After
extraction and processing, cytosolic proteins were
mixed and analyzed by on-line CIEF-FTICR [5]. The
isotopically labeled Leu-D10 residue has 10 nonex-
changeable deuterium atoms substituted for hydrogen,
creating a theoretical mass difference of 10 Da between
the unlabeled (Leu) and isotopically labeled residue
(Leu-D10). In many cases we can then use the measured
molecular mass and partial amino acid composition to
rapidly and unambiguously identify intact E. coli pro-
teins. It has been our experience that only a small
percentage of observed intact proteins can be unambig-
uously identified solely by their measured molecular
masses [5].
As shown in Figure 1, the natural isotopic abundance
and Leu-D10 isotopically labeled versions of the protein
behave identically during CIEF separation and are
observed within the same FTICR spectrum. In Figure
1A, both protein versions display identical charge state
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distributions and mass differences allowing them to be
easily assigned as isotopically distinct versions of the
same protein. The deconvoluted spectrum of this pro-
tein pair gives two monoisotopic molecular masses of
7327.5 and 7346.8 Da (Figure 1B). The mass difference of
19 Da corresponds to the incorporation of two isotopi-
cally labeled Leu residues, revealing that this protein
contains two Leu residues. (Although the Leu isotope
contains 10 deuteriums, the mass difference between
the most abundant peaks in the respective isotopic
envelopes is not exactly 20 Da, due to the isotopic
enrichment of the stable isotope being 97.9%.) A search
of the E. coli genome [17] reveals three predicted pro-
teins within the mass range of 7327.5 6 150 Da that also
contain two Leu residues, however, none of these
proteins have a predicted mass within 650 Da of the
experimentally measured mass. The three proteins that
match most closely have monoisotopic masses of
7276.6, 7398.6, and 7458.8 Da. Assuming that the exper-
imentally measured protein has a cleaved terminal
methionine (Met), a common post-translational modifi-
cation that occurs in E. coli expressed proteins, this
would correspond to a predicted mass of 7458.8 Da for
the unmodified protein, in agreement with one of the
three closest matches. Indeed, the E. coli genome in-
cludes a predicted protein with a monoisotopic mass of
7458.814 Da that includes two Leu residues. This pro-
tein is identified as the cold shock-like protein Csp-E
and further examination of the SWISS-PROT database
[18] reveals this protein is known to undergo N-termi-
nal Met cleavage, consistent with our assignment.
A similar example of a post-translationally modified
protein that can be identified using this strategy of
selective isotopic labeling is shown in Figure 2. The
deconvoluted spectrum reveals two monoisotopic mo-
lecular masses of 10,814.0 and 10,892.8 Da (Figure 2B).
The mass difference of 79 Da corresponds to the pres-
ence of eight Leu residues. Again, while there is no
protein predicted from the database that exactly
matches the experimentally measured monoisotopic
mass, there is a predicted 10.8 kDa protein in the
MUTY-NUPG intergenic region with a mass 131 Da
greater than the experimentally measured mass and
that also contains eight Leu residues. The SWISS-PROT
database reveals that the mature form of this protein
lacks its N-terminal Met residue [19].
The multiply charged spectrum of a larger protein,
for which isotopic resolution was not achieved in the
Figure 1. (A) Mass spectrum and (B) deconvoluted mass spec-
trum of normal isotopic abundance, and Leu-D10 labeled forms of
an E. coli protein identified as the cold shock-like protein Csp-E
(SWISS-PROT accession number P36997) observed in the CIEF-
FTICR analysis of a mixture of E. coli lysate grown in minimal
medium containing Leu and minimal medium containing Leu-
D10.
Figure 2. (A) Mass spectrum and (B) deconvoluted mass spec-
trum of a 10.8 kDa protein observed in the CIEF-FTICR analysis of
a mixture of E. coli lysate grown in minimal medium containing
Leu and minimal medium containing Leu-D10, and identified as
originating from the MUTY-NUPG intergenic region (SWISS-
PROT accession number P52065).
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CIEF-FTICR mass spectrum, is shown in Figure 3. An
accurate monoisotopic molecular mass for the unla-
beled and selectively labeled protein was obtained from
deconvolution of the charge state distributions (Figure
3B). The monoisotopic molecular mass of the unlabeled
protein was measured as 32,318 6 1 Da, while the
molecular mass of the same protein containing Leu-D10
residues was 32,644 6 1 Da. The mass difference of 326
Da indicates the incorporation of 33 isotopically labeled
Leu residues. An examination of the predicted E. coli
proteins in the mass range of 32,317 6 400 Da, shows
only 6 out of a possible 80 proteins in this mass range
contain 33 Leu residues. Examination of the possibilities
strongly indicates this protein to be malate dehydroge-
nase (SWISS-PROT accession number P06994) which
has a predicted molecular mass of 32,317.2 Da (and that
contains 33 Leu residues).
The unambiguous identification of intact proteins
using this strategy relies on a combination of the
molecular mass and the exact number of Leu residues
(or other residues) within a particular protein. Al-
though there are cases, as shown by the example in
Figure 3, where an intact protein may be tentatively
identified based solely on the accurate mass measure-
ment, knowledge of the partial amino acid composition
greatly increases the confidence of such assignments.
The results presented above also show the utility of this
strategy for identifying simple post-translation modifi-
cations (i.e., cleaved terminal methionine, acetylation)
present in the mature protein. In cases of more exten-
sive post-translation modifications (i.e., glycosylation),
the proposed strategy would require determining the
number of two or more amino acids present in a
particular protein since the difference between the
experimental and predicted protein mass would be
more substantial.
To obtain an accurate measure of the number of Leu
residues within any protein, an auxotrophic organism
was used so that all of the possible Leu sites will be
incorporated by the isotopically labeled version added
to the medium. Although the E. coli K12 strain CP78 is
a multiple auxotroph (lueB2, argH2, thr2, his2), it is
isogenic to the E. coli K12 strain MG1655 [7], allowing
proteins observed using CP78 to be searched against the
known genome sequence of MG1655. An auxotrophic
organism typically requires several months to prepare
using well-established molecular biology techniques.
However, because the partial amino acid composition
of hundreds of proteins can be rapidly obtained,
generating an auxotrophic organism would be a
worthwhile effort. For commonly used organisms
such as E. coli and Saccharomyces cerevisiae, numerous
auxotrophs are commercially available. Although a
prototrophic organism will incorporate an isotopi-
cally labeled amino acid present within the medium,
the accurate determination of the partial amino acid
content requires nearly complete incorporation.
While we did not thoroughly investigate the opti-
mum growth conditions, our initial results showed
less than complete isotopic incorporation using pro-
totrophic organisms.
While this study used CIEF-FTICR to examine isoto-
pically labeled intact proteins, this method is not re-
stricted to the use of CIEF-FTICR or to the analysis of
intact proteins. As with any type of proteome analysis,
different and complementary separation strategies can
useful for obtaining more complete proteome coverage.
For example, while all proteins within the organism will
incorporate the isotopically labeled amino acid, mem-
brane proteins (due to their solubility limitations) will
not be amenable to CIEF-FTICR and will require an
alternative separation method. The labeling strategy
can provide the same type of information (i.e., mo-
lecular mass and partial amino acid content) relating
to peptide fragments obtained by proteolytically di-
gesting the proteome. Such a strategy may prove
particularly effective for protein identification from
eukaryotic proteomes, where larger differences be-
tween predicted and actual masses of intact proteins
are expected due to the greater extent of post-trans-
lational modifications.
Figure 3. (A) Mass spectrum and (B) deconvoluted mass spec-
trum of an E. coli protein identified as malate dehydrogenase
(SWISS-PROT accession number P06994) observed in the CIEF-
FTICR analysis of a mixture of E. coli lysate grown in minimal
medium containing Leu and minimal medium containing Leu-
D10.
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Conclusions
The ability to unambiguously identify intact proteins in
a single experiment, through a combination of molecu-
lar mass measurement and determination of partial
amino acid compositions, offers an attractive strategy
for high-throughput proteomic studies. The strategy
presented requires minimal sample handling and pro-
cessing and is therefore applicable to such analyses. The
approach can obviously be extended to the labeling of
additional amino acid residues and the analysis of
proteolytic products. From a single CIEF-FTICR exper-
iment we have been able to measure the mass and
determine the number of Leu residues for hundreds of
different proteins. Efforts are currently underway in
our laboratory to identify these proteins and use this
strategy for the proteome-wide identification of intact
proteins isolated from E. coli as well as Saccharomyces
cerevisiae. We anticipate this basic approach will be an
important complement to the set of tools available for
rapid protein identification [5].
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